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Abstract. The experimental investigation of the hydrodynamics of a reversible pump-turbine reduced scale model in off-
design operating conditions is presented. The onset and development of flow instabilities outside the “normal” operating 
range, in generating mode, involving runaway and “S-shape”, are described. Wall pressure measurements, in the stator, 
are performed with the help of miniature piezoresistive sensors synchronized with high speed flow visualizations in the 
vaneless gap between the impeller and the guide vanes by air bubbles injection. The detailed analysis reveals that a 
rotating stall arises at runaway and increases in amplitude while the discharge is decreasing, reaching its maximum value 
near zero discharge. The pump-turbine experiences in the vaneless gap between the impeller and the guide vanes one 
rotating stall cell at sub-synchronous speed. 
Keywords: Off-design, Pump-turbine, Generating mode, Hydrodynamics, Instability, Experimental investigation 
PACS: 47.85.Kn; 88.60.kf; 47.35.-i 
INTRODUCTION 
Pump-turbine technology is widely seen as having great potential in storing large amounts of electrical energy. It 
is also an enabling technology, and gives a way in which to control the European power grid with respect to the 
development of new renewable modes of energy production. Not only are pumped-storage power plants a key 
element in efforts to develop renewable, CO2-free primary energy sources, but they also hold great promise in terms 
of improving the security of national electricity supplies. With concern widespread over the sustainability of current 
methods of energy production, as well as the monopoly some countries hold on supply, the development of 
renewable methods is a real priority. Turbine technology plays a crucial role in electrical power production and 
 
 
FIGURE 1.  Example of four quadrants operation of a radial-type pump-turbine, Ref. [1]. 
 
storage. Wind and solar energy, and other renewable sources, generate energy on quite an irregular basis, and when 
storing that energy certain aspects need to be controlled, largely because of the random nature of both the supply and 
the demand. The grid authority is requiring maintaining the electricity network at a stable frequency, a function 
which can be performed by reversible pump-turbines. However, for this function, a rapid switching between the 
pumping and generating modes is required, and then technical challenges need to be taken. In particular, during the 
start-up procedure, the synchronization process of the machine requests to be at runaway operation, no-load 
condition, at constant frequency in safety conditions. Depending on the specific speed of the pump-turbine, the 
discharge-speed as well as torque-speed characteristics at constant guide vane opening can be “S-shaped”, see 
FIGURE 1. Therefore, a strong instability of the machine at these points represents sometimes an obstacle in the 
synchronization success. Moreover, unwished phenomena as structural vibrations, noises and cavitation occur at off-
design conditions. These instabilities were studied in Refs. [2] - [7]. Technical solutions to render the machine stable 
in off-design conditions are presented in Refs. [8] - [11]. 
DISCOVERY EXPERIMENTS 
The case study is a reduced scale of a radial pump-turbine from the HYDRODYNA project, see FIGURE 2(a), 
installed in the EPFL PF3 test rig. It is a low specific speed machine with 9 impeller blades and 20 guide vanes. Off-
design conditions, involving runaway and “S-shape” turbine brake curve, are investigated. Starting from nominal 
operation at fixed guide vane opening, 5° and 10°, the rotation speed is gradually increased until the point 
corresponding to a zero torque value, i.e. the runaway conditions. At this point, the operation becomes unstable and 
the machine may switch back and forth from generating to reverse pumping modes. A specific procedure, commonly 
used in model testing of pump turbines, Dörfler [10], is followed to stabilize the machine operation by forcing the 
flow through a restriction, bypassing the upstream butterfly valve once the runaway condition is reached. Wall 
pressure measurements are performed with 30 piezoresistive pressure sensors flush mounted at the walls of the spiral 
casing, stay and guide vane channels as well as of the draft tube, see FIGURE 2(b). The pressure measurements are 
synchronized with the high speed flow visualizations of air micro-bubbles motion in the vaneless gap between the 
impeller and the guide vanes, see FIGURE 2(c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                              
FIGURE 2.  (a) Pump-turbine reduced scale model; (b) Pressure sensors location on the model, 10° guide vanes opening;  
(c) Pressure measurements and high speed flow visualization experimental setup. 
RESULTS 
The speed, discharge and torque factors are defined respectively by Eq.(1) - (3). The discharge – speed and 
torque – speed turbine characteristics (FIGURE 3(a), (b)) for 10° guide vane opening exhibits a positive slope after 
the runaway speed, OP. #3. When a pump-turbine prototype is operated in such a condition, the operation suddenly 
switches to reverse pumping mode. The discharge as well as torque and power are reversed with a substantial 
increase of structural vibrations driven by flow instabilities. 
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In our case, the use of the stabilizing procedure prevents such unstable operation and let us exploring the positive 
slope part of the characteristic curve. Once is in reverse pumping quadrant, an increase of the rotation speed, OP. #6, 
leads to important cavitation development on the impeller blades as illustrated by the photograph. For this operating 
point, a large fluctuation of the guide vane opening and discharge is also observed. 
(b) 
(a) 
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To provide a global view of the flow unsteadiness at 5° and 10° guide vane openings, we have superposed on the 
nED-QED characteristic curves, the standard deviation of the pressure fluctuation in the guide vanes, see FIGURE 
3(c); the diameter of the circles being proportional to the standard deviation of the pressure fluctuation. It can be 
observed that the pressure fluctuation in the guide vane channels, close to rotor/stator interface are increased for low 
rotation speed, around the “S-shape” and in reverse pumping mode. At these conditions, a substantial increase of the 
structural vibration is observed. It should be noticed that in the particular case of guide vanes, the maximum pressure 
fluctuation is at least 25 times larger than in normal operating conditions. 
 
 
 
FIGURE 3.  (a), (b) Resulting “S-curves” in generating mode; (c) Pressure fluctuations STD in the guide vanes region. 
 
The spectral analysis of the pressure fluctuation time signals in the guide vane channels evidences the blade 
passing frequency and its first harmonic with lower amplitude, f = 9·fn and f = 18·fn, except at low discharge 
operating point. However, a low frequency component, ~70% of the impeller rotational frequency, arises at 
runaway, OP. #3, which further increases in amplitude as we approach the zero discharge condition, OP. #4. At this 
point it even represents the dominant frequency and is found to modulate the blade passing frequency, see FIGURE 
4(a). The low frequency component is also visible in the spiral casing, where it becomes dominant in turbine brake 
mode, OP. #3 ÷ OP. #5. 
 
 
 
FIGURE 4.  Pressure fluctuations (a) and flow visualization (b) in the vaneless gap. 
 
Surprisingly, at zero discharge condition, the pressure fluctuations at this very unstable operating point are not 
random but exhibit a remarkable periodicity. Their amplitude is 10 times higher than at nominal conditions. The 
phase analysis, derived from cross correlation between the signals in the vaneless gap, indicates that one instability 
source, stall cell, rotates with the impeller at sub-synchronous frequency. Vesely et al. [12] tested a medium head 
pump-turbine model and also found that a rotating stall with a frequency of propagation about 60% of the impeller 
speed arises at brake and reverse pumping conditions having only one stall cell. In FIGURE 4(b), the flow 
visualization in the vaneless gap shows a quite uniform flow pattern at the normal operating range, OP. #1, whereas 
at runaway, OP. #3, the flow is disturbed by the rotating stall passage. The situation is even more critical near zero 
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discharge, OP. #4, where backflow and vortices in the guide vane channels accompany the stall passage. Staubli et 
al. [13], concluded that local vortices formed at the inlet of the impeller channels represents the source of the 
unsteady in- and outflow from the impeller in the vaneless gap between the impeller and the guide vanes. 
CONCLUSIONS 
The present work is focused on the investigation of a centrifugal pump-turbine at reduced scale under off-design 
operating conditions. The experiment, carried out in the EPFL PF3 test rig, involves wall pressure measurements in 
the stator with the help of miniature sensors synchronized with high speed flow visualizations in the vaneless gap 
between the impeller and the guide vanes by air bubbles injection. The onset and development of flow instabilities 
outside the normal operating range, in generating mode, involving runaway and “S-shape”, are described. Starting 
from the best efficiency point, the impeller speed is gradually increased until the flow is totally reversed. The 
detailed analysis reveals that a rotating stall arises at runaway and increases in amplitude with the discharge 
decreasing, reaching its maximum value near zero discharge. Containing one stall cell, the instability rotates with the 
impeller at sub-synchronous speed in the vaneless gap between the impeller and the guide vanes. It is the effect of 
rotating flow separations developed in several consecutive impeller channels which lead to their blockage. 
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NOMENCLATURE 
nED [-] speed factor Tm [N m] mechanical torque 
QED [-] discharge factor ρ [kg m^-3] water density 
TED [-] torque factor f [Hz] frequency 
n [rot s^-1] impeller speed fn [Hz] impeller frequency 
D [m] impeller outlet diameter p [Pa] wall pressure 
E [J kg^-1] specific energy p- [Pa] time average wall pressure 
Q1 [m^3 s^-1] discharge cp~ [-] pressure coefficient fluctuation 
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